Lycorine is a pyrrolo [de] phenanthridine ring-type alkaloid extracted from different Amaryllidaceae genera, whose structure was first determined by Nagakawa et al. in 1956 [13] . Lycorine was reported as possessing various biological activities, including anticancer [8, 9, 11], antimalarial [16] , antiviral [10, 17] , and antifeedant properties for the larvae of the yellow butterfly [14] . In addition, lycorine also showed other biological properties, such as the inhibition of vitamin C biosynthesis [1] , inhibition of growth and cell division in higher plants, algae, and yeasts [5] , and prevention of cyanide-insensitive respiration [2] . These facets have made lycorine a valuable compound for researchers investigating such drugs and a number of other important physiological processes.
Research during the last decade has also convincingly shown that some natural products, when isolated, play an important role in pharmacology and agriculture as a rich source of bioactive components for crop protection [12, 18] . Although lycorine has been sufficiently investigated by pharmacologists, research into this compound and its screening in crop protection trials/applications is rare. In a continuation of our studies on bioactive secondary metabolites for antifungal agents, lycorine was firstly found to exhibit significant antifungal activity against various pathogenic crop fungi at different concentrations. We herein report the antifungal spectrum of lycorine and its specific mechanism using the strain of Fusarium graminearum as a mode fungus.
The antifungal activity of lycorine was determined using a poisoned food technique. The technique entailed the following steps: lycorine at different concentrations (500 and 100 µg/ml) was prepared on potato dextrose agar (PDA) plates. Then the pre-tested fungi that were cultured in the agar disc were inoculated into the center of the Petri dish and then incubated at 28°C. Each fungus was replicated over a further five plates. After incubation for 4 to 7 days when the fungi in the control dishes were almost fully grown, the mycelia growth of fungi (mm) in both treated (T) and control (C) Petri dishes was measured across different diameters. The percentage of growth inhibition (I) was calculated using Eq. (1) below [6]:
(1)
The antifungal activities of lycorine against 24 crop pathogenic fungi are shown in Table 1 . Overall, lycorine presented a significant, widespread, and intensive strong antifungal activity. The lycorine concentration was positivity correlated with the rate of inhibition on most of the pathogenic fungi tested. With decreasing lycorine concentration, the inhibition rate was correspondingly reduced. Lycorine at 500 µg/ml showed a strong inhibition (inhibitory rate more than 60%) for 7 crop pathogenic fungi (F. oxysporum f. sp. vasinfectum, F. graminearum, F. graminearum Schw, P. lycopersici, A. oleracea M. Ibrath, A. Solani (Ell et Mart) Jones et Grout, and C. gloeosporioides Penz et Sacc), a midstrong inhibition (inhibitory rate more than 30%) for 12 crop pathogenic fungi (P. vignae Purss, C. ophiopogonis, G. loeosporium, E. turcicum, C. cassiicola, P. variicola (Wint.) Guo et Liu, C. arachidicola Hori, B. carbonum Wilson, F. oxysporum, C. personata Berk et Curt, R. cereali, and A. alternata), and a weak inhibition (inhibitory rate less than 30%) for 5 crop pathogenic fungi (F. oxysporum Schl. f. sp. vasinfectum, F. pointed watermelon, T. atrovoride, C. ladosporium sp., and A. pluriseptata).
Lycorine at 100 µg/ml displayed a strong inhibition for 4 crop pathogenic fungi (F. oxysporum f. sp. vasinfectum, F. graminearum, A. oleracea M. Ibrath, and C. ophiopogonis), a mid-strong inhibition for 11 crop pathogenic fungi (G. loeosporium sp., E. turcicum, P. lycopersici, A. solani (Ell et Mart) Jones et Grout, C. cassiicola, P. variicola (Wint.) Guo et Liu, C. arachidicola Hori, B. carbonum Wilson, F. oxysporum, C. gloeosporioides Penz et Sacc, and R. cereali), and a weak inhibition for 9 crop pathogenic fungi (F. graminearum Schw, F. oxysporum Schl. f. sp. vasinfectum, P. vignae Purss, F. pointed watermelon, T. atrovoride, C. ladosporium sp., C. personata Berk. et Curt, A. alternate, and A. pluriseptata). Except in the cases of four crop pathogenic fungi (F. oxysporum f. sp. vasinfectum, C. ophiopogonis, C. ladosporium sp., and R. cereali), the concentration of lycorine presented a positive correlation with the inhibitory ability on most of the crop pathogenic fungi examined.
F. graminearum was selected for the investigation of the antifungal mechanism because the mycelium of this fungus is red, making it easy to judge its growth stages and observe its microstructure. Moreover, the mycelia of F. graminearum grow to form clusters, which is convenient to be extracted for the further experiments. The strain was inoculated at the center of the disc of the PDA medium and incubated at 28°C for 5 days. Then the fungus cake (9 mm in diameter) in the disc was inoculated into 100 ml of potato dextrose broth (PDB) medium and spun at 180 rpm and 28°C in a shaking incubator. The strain was firstly cultivated for 24 h in the medium and the culture broth was then divided into two equal parts. The cultivation of one 50 ml culture broth sample was continued for a further 24 h as the treated group after lycorine was added (to 50 µg/ml final concentration). The other 50 ml culture broth sample also continued to be cultivated for a further 24 h and constituted the blank control group.
A 50% inhibitory concentration (IC 50 ) test of lycorine against F. graminearum was conducted as follows: lycorine PDA plates at concentrations of 500, 100, 50, 25, 12.5, and 6.25 µg/ml were prepared. Then the fungus F. graminearum was inoculated into the center of each Petri dish and incubated at 28°C. Each concentration was replicated over five plates. After incubation for 4 days when the fungi in the control dish were almost fully grown, the mycelia growth of fungi in both treated and control Petri dishes were measured across three different diameters. The The 24 strains of test pathogenic crop fungi were all cultured on PDA medium at
